Introduction {#sec1}
============

'The time is not as important as the terrain, but the terrain is not as important as unity with the people.' ---Mengcius.

Cooperation constitutes the core behavioral principle of human society, being crucial for individual survival and potentially promoting alliance formation, enabling the development of science and technologies and increasing reproductive success ([@ref40]; [@ref3]; [@ref36]). Therefore, there are various definitions of cooperation from the different perspectives of anthropologists, biologists, psychologists and economists ([@ref81]). Reviewing the related studies, we define human cooperation as behaviors undertaken by individuals and groups to maximize long-term public benefits and to promote collective well-being ([@ref84]; [@ref18]).

Various theories have attempted to explain the possibilities underlying cooperative behavior, such as warm glow and inequity aversion theories. Warm glow theory is predominant in explaining cooperation ([@ref1]). This theory suggests that because cooperative behavior could be driven by positive emotions, it presumably occurs even in situations of anonymity ([@ref81]). In contrast, the inequity aversion theory proposes an alternative explanation for cooperative human behavior in non-anonymous and anonymous settings. It hypothesizes that people feel aversion when facing unequal outcomes, regardless of whether another person is worse or better off than themselves ([@ref31]; [@ref9]). Therefore, to avoid potential negative feelings but not the induction of positive feelings, people will choose cooperation to minimize inequity ([@ref73]; [@ref81]). Given that these two theories explain cooperation from the perspective of alternative motives, the quest for a unifying theory explaining the diverse cases of cooperative behavior is still underway. Hence, an investigation of cooperative behavior in laboratory settings may serve as one step toward a better understanding of cooperation.

In terms of sharing and resource distribution as well as reciprocal exchange in social decision making, some researchers have recently further divided cooperation into fairness and reciprocity ([@ref73]). In previous studies, fairness was defined as the equitable distribution of an initial stake of money ([@ref84]; [@ref85]). In dictator game (DG) and ultimatum game (UG) tasks, the fair and unfair distributions from proposers ([@ref94]; [@ref97]) and the acceptance or rejection decisions from responders ([@ref38]; [@ref15]) all reflected the underlying neural mechanisms of fairness enforcement or violation. Therefore, we tried to combine DG and UG tasks to reveal the underlying neural mechanisms of fairness enforcement and violation. In contrast to the UG and DG, the prisoner's dilemma game (PDG) ([@ref72]), trust game (TG) and public good game (PGG) ([@ref8]; [@ref52]) are widely used to investigate reciprocity. In the PDG, two players simultaneously determine their own reciprocal behavior in the decision stage and then see another partner's reciprocal behavior in the feedback stage. Similar to the PDG, participants in the TG may play as 'investors' or 'trustees'. As investors, they can decide their own reciprocal behavior by providing monetary endowments to the trustee and see the trustees' reciprocal or betrayal behavior based on others' return, and vice versa. Finally, in the PGG, participants can divide the monetary units between their private account and public account and see the payoff consequences of contributions to the public account. In all these games, people can choose to cooperate or not, which can be identified as self-cooperation and self-noncooperation, respectively, in addition to watching others' cooperative or noncooperative behavior, which can be identified as other-cooperation and other-noncooperation, respectively. Overall, all these games are commonly used for examining cooperation in human societies ([@ref80]).

Based on these distinct economic exchange games, several researchers have proposed brain network models of cooperative decision making from a neuroscientific perspective. [@ref79]) and [@ref81]) summarized several separate anatomical brain areas that played important roles in cooperation. The perspective-taking network includes the dorsal medial prefrontal cortex (DMPFC). The reward-related reciprocal cooperation network involves the orbitofrontal cortex (OFC), striatum and ventromedial prefrontal cortex (VMPFC). The network involved in the anticipation of guilt or noncooperation includes the insula (IA) and anterior cingulate cortex (ACC). [@ref73]) identified several models of the neural systems that mediated different types of cooperation, such as fairness and reciprocity. The fairness network, which includes the VMPFC, ventrolateral prefrontal cortex and IA, is involved in emotional reactions, emotion regulation and aversion to offers of inequity. In addition, the reciprocity network, which includes the VMPFC, DLPFC, DMPFC, striatum and OFC, is specialized for valuing long-term benefits, expending cognitive effort for breaking reciprocal norms, building reciprocal relationships and reward processing.

Although researchers have obtained information on the above brain network models of cooperation through reviewing evidence from human neuroimaging studies and have summarized the neural mechanisms of cooperation and its subcomponents of fairness and reciprocity, the narrative review approach suffers from limitations. First, the approach of narrative reviews is subjective and lacks transparency ([@ref10]). Different reviewers might use different inclusion criteria, weights of studies and conclusion thresholds, which makes it difficult for them to arrive at an unbiased conclusion. Second, reviews might become less useful as more information becomes available. Furthermore, the reviewers may implicitly synthesize studies according to their own opinions or assign importance to some studies, and this process might eventually become untenable as the number of studies increases ([@ref10]). Therefore, an alternative to narrative reviews is a meta-analysis, such as a meta-analysis with a random-effect activation likelihood estimation (ALE) algorithm ([@ref23]), which allows statistically verifiable concurrence across functional neuroimaging studies of human cooperation and objectively reveals the regions with the highest 'likelihood' of activation.

This study combines theory-driven and data-driven approaches, and its main goal is to assess the mechanisms of cooperation enforcement and violation by performing a meta-analysis of the results reported in 85 published neuroimaging studies investigating human cooperation. On the one hand, we predict that three different patterns of results related to different cooperation models are possible. First, according to the warm glow theory, which initially insisted on positive feelings about cooperation enforcement, reward-related areas, such as the OFC and striatum, would be activated. Second, based on the inequity aversion theory, cooperation violation is associated with aversive emotion, and aversion-related brain areas, such as the IA, would be activated. Third, combining the warm glow and inequity aversion theories indicates that the neural architecture of cooperation entails both reward-related and aversion-related brain areas, reflecting cooperation enforcement and cooperation violation, respectively. On the other hand, considering that in the cooperation enforcement condition, personal interests are usually sacrificed to protect collective interests ([@ref70]; [@ref5]; [@ref89]). Therefore, we predict that people are more likely to expect cooperation from others than from themselves, which would activate the cooperation-related neural network.

Materials and methods {#sec2}
=====================

Literature search and organization {#sec3}
----------------------------------

A thorough literature search was conducted using the ISI databases on 16 January 2018. The various combinations of relevant search terms used were as follows: 'cooperation/fair/unfair/equal/equity/equivalent/inequity/ultimatum game/dictator game/prisoner's dilemma/trust game/dilemma/trust/distrust/mistrust/public good game/betray' and 'fMRI/magnetic resonance imaging/neuroimaging/functional magnetic resonance imaging' and 'social decision making'. Two researchers entered the search terms into databases. Then, they selected 'all fields', indicating that these relevant search items were present in any part of an article, such as the title, abstract and main text. All of the initial search results were merged to yield a total of 1256 articles after eliminating redundant entries. The exclusion criteria were (1) the published reports were not the primary empirical studies (e.g. meta-analyses, review articles, and case reports were excluded); (2) functional magnetic resonance imaging (fMRI) was not used as the imaging modality; (3) fMRI results were only based on region of interest analysis, rather than entire-brain thresholds; (4) the participants were not healthy adults (e.g. only included participants with brain damage or other mental problems, children or aged participants were excluded); (5) the results were not reported in standard stereotactic coordinate space (Talairach or Montreal Neurological Institute, MNI); and (6) the published reports were not related to social decision-making tasks. Ultimately, 85 published fMRI papers satisfied all these criteria and were used in the meta-analysis. The Preferred Reporting Items for Systematic Reviews and Meta-Analyses statement guided the meta-analysis ([@ref57]). The screening and exclusion procedures are shown in [Figure 1](#f1){ref-type="fig"}.

![Flow chart of the search strategy: the number of articles selected for the meta-analysis.](nsz073f1){#f1}

The foci data extracted from the published reports for the ALE analysis were read as a text file, which contains the name of the first author, year and the number of subjects for this group of foci, followed by the coordinate data. The data from the studies were extracted along with the coordinates of relevant foci for ALE analysis if they met the entire-brain threshold set by the authors. In the published reports using the UG and DG, the contrasts of 'fair \> unfair' and 'unfair \> fair' were extracted when participants proposed fair or unfair offers as a proposer or when they reacted to fair or unfair offers as a responder. Moreover, the contrasts of 'accept \> reject' and 'reject \> accept' were extracted when responders chose to accept or reject the offers in the published reports using the UG. Thus, we categorized the label of fairness with the contrasts of 'fair \> unfair' and 'accept \> reject' and the label of unfairness with the contrasts of 'unfair \> fair' and 'reject \> accept'. Moreover, the published reports using the PDG, TG and PGG were categorized with labels of 'reciprocity' (reciprocity \> betrayal) and 'betrayal' (betrayal \> reciprocity). Fairness and reciprocity were categorized as cooperation enforcement, while unfairness and betrayal were categorized as cooperation violation. Additionally, categorization labels of self-cooperation and self-noncooperation were applied when the participants made their own decisions to cooperate or not (propose a fair or unfair offer, reciprocate or betray), while labels of other-cooperation and other-noncooperation were applied when participants saw another person experience a fair or unfair offer, or saw others' reciprocate or betray decisions. Finally, the cooperation enforcement analysis included 534 foci from 61 published reports, whereas the cooperation violation analysis included 801 foci from 67 published reports. The term 'experiments' was adopted, as used by the BrainMap database, to refer to individual regressors or contrasts typically reported in published studies analyzing fMRI data. Each published report included only one experiment, and the numbers of experiments included in the analyses of fairness, unfairness, reciprocity, betrayal, self-cooperation, other-cooperation, self-noncooperation and other-noncooperation were 28 (175 foci), 46 (509 foci), 33 (359 foci), 21 (292 foci), 32 (214 foci), 39 (309 foci), 23 (197 foci) and 50 (576 foci), respectively. The reported coordinates in the published reports were then grouped by different spatial normalization schemes according to coordinate transformations implemented in the GingerALE toolbox (version 2.3.6, <http://brainmap.org>, Research Imaging Center of the University of Texas Health Science Center, San Antonio, Texas), i.e. using Brett methods to convert Talairach coordinates into MNI space ([@ref12]).

Activation likelihood estimation {#sec4}
--------------------------------

Topic-specific meta-analyses were conducted to explore activation in response to the same condition or task, and conjunction meta-analyses were conducted to explore the common regions activated across different tasks ([@ref33]). Ten different topic-specific meta-analyses were conducted using the revised ALE algorithm ([@ref82]) implemented in the GingerALE software, including the main analyses of all cooperation enforcement and cooperation violation and the sub-lists characterizing brain activation by fairness and unfairness, reciprocity and betrayal, self- and other-cooperation and self- and other-noncooperation. Moreover, four conjunction meta-analyses were conducted to identify common brain activation among fairness and reciprocity, unfairness and betrayal, self-cooperation and other-cooperation and self-noncooperation and other-noncooperation. For the topic-specific meta-analyses, ALE maps were computed with a cluster-level family-wise error (FWE)-corrected threshold ([@ref23]; [@ref25]) of *P* \< 0.01, a cluster-defining threshold of *P* \< 0.001 and 1000 permutations. For the conjunction meta-analyses, we used the voxel-wise minimum value of the two ALE maps calculated in the topic-specific meta-analyses. We used the number of subjects in each foci group to calculate the Full-width-half-maximum (FWHM) of the Gaussian function to blur the foci, rather than using a pre-specified FWHM for all experiments. The meta-analysis results were overlaid onto an anatomical template (Colin27_T1_seg_MNI. nii, [www.brainmap.org/ale](http://www.brainmap.org/ale)) and displayed using Mango software (<http://rii.uthscsa.edu/mango/>). The details (i.e. the number of included studies, subjects, peak oci, and contrasts) of the published reports included in each of the meta-analyses described above are summarized in the Supplementary Materials ([Supplementary Table S6](#sup1){ref-type="supplementary-material"}).

As the effects of the meta-analytic contrast analyses are two orders of magnitude higher than the effects of the topic-specific meta-analyses and conjunction meta-analyses, [Supplementary Figure S2](#sup1){ref-type="supplementary-material"} ranges from 0 to 3, while the other figures range from 0 to.03.

Results {#sec5}
=======

Activations of cooperation enforcement and its subcomponents {#sec6}
------------------------------------------------------------

Cooperation enforcement activated the right caudate and right OFC. Fairness and reciprocity resulted in consistent activation in the right caudate. Fairness additionally activated the left caudate and right OFC. Common activation of fairness and reciprocity was found in the right caudate ([Figure 2](#f2){ref-type="fig"} and [Table 1](#TB1){ref-type="table"}).

![Results of the topic-specific meta-analyses of **(A)** cooperation enforcement and **(B)** fairness and reciprocity (for A and B, cFWE, *P* \< 0.01, and uncorrected cluster-defining, *P* \< 0.001) and conjunction meta-analysis of **(C)** common regions activated in response to fairness and reciprocity. The bars represent the ALE values.](nsz073f2){#f2}

###### 

Significant clusters that were activated in response to cooperation enforcement, fairness and reciprocity (cFWE, *P* \< 0.01, and uncorrected cluster-defining, *P* \< 0.001), and common regions activated in response to fairness and reciprocity

     Brain regions         BA   MNI   Cluster size (mm^3^)   Extrema value          
  ------------------------ ---- ----- ---------------------- --------------- ------ ------
  Cooperation                                                                       
     Caudate               --   12    12                     −6              2784   3.55
     Caudate               --   16    20                     0                      2.70
     OFC                   32   6     48                     −14             1352   3.10
  Fairness                                                                          
     Caudate               --   10    12                     −10             1520   2.54
     Caudate               --   −4    10                     −10                    1.98
     OFC                   10   4     54                     −16             1104   1.75
     OFC                   32   4     40                     −16                    1.40
  Reciprocity                                                                       
     Caudate               --   16    20                     0               2432   2.47
     Caudate               --   14    10                     −4                     2.24
     LN/putamen            --   22    10                     −12                    1.74
  Fairness ∩ reciprocity                                                            
     Caudate               --   12    12                     −6              200    1.71

Abbreviations: LN, lentiform nucleus.

![Results of the topic-specific meta-analyses of **(A)** cooperation violation and **(B)** unfairness and betrayal (for A and B, cFWE, *P* \< 0.01, and uncorrected cluster defining, *P* \< 0.001) and conjunction meta-analysis of **(C)** common regions activated in response to unfairness and betrayal. The bars represent the ALE values. Abbreviation: Tha, thalamus.](nsz073f3){#f3}

Activations of cooperation violation and its subcomponents {#sec7}
----------------------------------------------------------

Cooperation violation (noncooperation) activated the bilateral supplementary motor area (SMA)/bilateral dorsal ACC (DACC), bilateral IA, left inferior parietal lobule (IPL) and left red nucleus. Unfairness caused similar brain activation patterns of the networks mentioned above, including the SMA/DACC, superior frontal cortex (SFC) and bilateral IA. Betrayal resulted in activation in the right IA and thalamus. Common activation of unfairness and betrayal occurred in the right IA ([Figure 3](#f3){ref-type="fig"} and [Table 2](#TB2){ref-type="table"}).

###### 

Significant clusters that were activated in response to cooperation violation, unfairness and betrayal (cFWE, *P* \< 0.01, and uncorrected cluster-defining, *P* \< 0.001) and common regions activated in response to unfairness and betrayal

     Brain regions        BA   MNI   Cluster size (mm^3^)   Extrema Value          
  ----------------------- ---- ----- ---------------------- --------------- ------ ------
  Noncooperation                                                                   
     SMA/DACC             32   −6    16                     46              8376   5.31
     SMA/DACC             32   8     26                     34                     4.42
     SMA/DACC             6    6     22                     44                     2.65
     IA                   --   34    24                     −2              7840   7.38
     IA                   --   −34   18                     −10             6744   5.73
     IPL                  7    −32   −54                    48              1872   3.52
     RN                   --   −4    −24                    −4              1408   4.26
  Unfairness                                                                       
     SMA/DACC             32   −4    16                     48              9840   4.64
     SMA/DACC             32   8     26                     34                     4.41
     SMA/DACC             6    6     22                     44                     2.62
     IA                   --   34    24                     −2              7112   5.97
     IA                   --   −30   22                     4               6784   4.91
  Betrayal                                                                         
     IA                   --   36    24                     −12             1816   2.89
     Thalamus             --   0     −22                    0               1184   2.43
  Unfairness ∩ betrayal                                                            
     IA                   --   36    22                     −12             1720   2.86

Abbreviations: RN, red nucleus.

Activations of self- and other-cooperation enforcement and violation {#sec8}
--------------------------------------------------------------------

Other-cooperation activated the right caudate. However, self-cooperation did not show any significant activation. Additionally, other-noncooperation activated the bilateral SMA/DACC, bilateral IA and left IPL, while self-noncooperation activated the bilateral IA. Moreover, common activation of self-noncooperation and other-noncooperation occurred in the IA ([Figure 4](#f4){ref-type="fig"} and [Table 3](#TB3){ref-type="table"}).

![Results of the topic-specific meta-analyses of **(A)** other-cooperation, **(B)** self- and other-noncooperation (for A and B, cFWE, *P* \< 0.01 and uncorrected cluster-defining *P* \< 0.001) and conjunction meta-analysis of **(C)** common regions activated in response to self- and other-noncooperation. The bars represent the ALE values. Abbreviations: OC, other-cooperation; SN, self-noncooperation; ON, other-noncooperation.](nsz073f4){#f4}

###### 

Significant clusters that were activated in response to self- and other-cooperation enforcement and violation (cFWE, *P* \< 0.01, and uncorrected cluster-defining, *P* \< 0.001), and common regions activated in response to self-noncooperation and other noncooperation

     Brain regions   BA   MNI   Cluster size (mm^3^)   Extrema Value          
  ------------------ ---- ----- ---------------------- --------------- ------ ------
  OC                                                                          
     Caudate         --   14    20                     −2              1664   2.07
  ON                                                                          
     SMA/DACC        32   −4    16                     48              6968   4.41
     SMA/DACC        32   8     26                     34                     4.41
     SMA/DACC        6    6     22                     44                     2.62
     SMA/DACC        32   −6    32                     26              1304   3.07
     IA              --   34    24                     −4              5776   6.22
     IA              --   −34   18                     −10             5520   4.86
     IPL             40   −32   −52                    48              1432   2.99
  SN                                                                          
     IA              --   36    24                     −12             1896   2.58
     IA              --   −32   22                     −16             904    2.25
  SN ∩ ON                                                                     
     IA              --   36    24                     −12             1208   2.58
     IA              --   −32   22                     −16             496    2.25

Abbreviations: OC, other-cooperation; SN, self-noncooperation; ON, other-noncooperation.

Discussion {#sec9}
==========

Cooperation is crucial for survival in a society. Theories such as the warm glow and inequity aversion theories attempt to explain cooperation from different perspectives ([@ref1]; [@ref31]; [@ref9]). In previous narrative reviews, fMRI studies of human cooperation have been summarized according to the opinions of the authors using experimental economics paradigms, such as the UG, DG, PDG, TG and PGG ([@ref73]; [@ref79]; [@ref81]). However, precise characterization of the neural systems underlying cooperation has been a longstanding puzzle of social neuroscience. The objective of this coordinate-based meta-analysis was to quantitatively synthesize the results of previous fMRI studies regarding cooperation, with the aim of identifying consistent activation patterns of the neural signatures underpinning this psychological phenomenon. Our results identified convergence of reported activation foci related to cooperation enforcement, fairness, reciprocity and other-cooperation, including the OFC and striatum (caudate), which are associated with reward-related brain networks ([@ref65]; [@ref39]; [@ref97]; [@ref35]; [@ref91]). Furthermore, the results showed that cooperation violation, unfairness, betrayal and self- and other-noncooperation were correlated with activity in the DACC, IA, IPL and red nucleus. These regions are thought to convey conflict ([@ref44]) and aversive affective experiences ([@ref19]). In addition, the striatum, which is a reward-related area, was activated only under other-cooperation conditions, and the IA, which is associated with inequity aversion ([@ref46]; [@ref73]), was activated in response to all noncooperation conditions. Based on these findings, cooperative behavior might be mainly driven by a process designed to avoid negative emotion, which supports the inequity aversion theory but is not captured by the warm glow theory.

Differing from previous narrative reviews of the neural basis of cooperation behavior, the current study used a meta-analysis to summarize the neural basis of cooperation behavior. Our meta-analytical study deviates from these review studies in some aspects. First, the three reviews focused on different perspectives of the neural mechanism of cooperation. [@ref79]) provided an overview that external incentives motivate cooperation and examined the role of reward, learning social context and social emotions on the neural mechanisms underlying cooperation. [@ref81]) stated that cooperative behavior has often been associated with positive emotions and the activation of the striatum, while noncooperative behavior was linked to negative emotions and activation of the IA. Our study explored the neural mechanism of cooperation from the perspectives of self-other. The findings of our meta-analysis suggest the involvement of different brain networks in self- and other-enforcement and violation of cooperation, indicating that distinct norms might be used when people consider their own and others' cooperative behaviors. Second, the three reviews tried to answer different theoretical questions. The first review summarized the important factors influencing the neural mechanisms underlying cooperation. The second review proposed that cooperative behavior is accompanied by emotional reactions. Our meta-analysis supported the inequity aversion theory from the perspective of the neural mechanism of cooperation and solved the controversy regarding the theories of different model of cooperation. Finally, the research method differs from the previous reviews on cooperation. Previously published reports are narrative reviews ([@ref79]; [@ref81]). These reviews tend to collect relevant evidence based on the authors' personal perspectives. Therefore, their conclusions are often subjective and the information collected is incomplete ([@ref10]).

Moreover, a related meta-analysis has been performed to investigate the neural mechanisms of trust behavior ([@ref7]). This study focused on examining brain activation in three investment game stages, including the trust, reciprocity and feedback stages. However, these researchers were not concerned with the two opposite aspects of these three stages, such as trust--distrust, reciprocity--betrayal and positive feedback--negative feedback. Differing from this study, our study explored the common and distinct brain networks underlying human cooperation from the perspective of fairness and reciprocity as well as the self and others. Our study investigated not only 'cooperation', 'fairness' and 'reciprocity' but also their opposites, i.e. 'non-cooperation', 'unfairness' and 'betrayal', from the perspectives of the self and others.

Brain networks of cooperation {#sec10}
-----------------------------

### Core brain networks of cooperation enforcement {#sec11}

The core areas involved in cooperative enforcement, fairness and reciprocity are centered on the right striatum (caudate-putamen) and right OFC, which are correlated with reward processing. The striatum is involved in representing positive emotions, which have been regarded as a major factor driving cooperative behavior ([@ref62]; [@ref42]; [@ref43]; [@ref81]). Although the right striatum was activated in response to all cooperative conditions in the current study, we inferred that this brain area might represent general social norm enforcement, rather than specific cooperative behavior. Moreover, the striatum also plays a role in coding outcome values of social interactions ([@ref74]; [@ref69]; [@ref4]; [@ref27]; [@ref47]) or is reliably linked to learning signals that help inform about another's reputation in cooperative behavior ([@ref50]; [@ref32]; [@ref28]). Thus, the activation of this brain area may represent the benefit of cooperation or learning behavior to predict another's behavior and make decisions accordingly. Furthermore, the OFC has been shown to be involved in increasing sensitivity to distant rewards ([@ref77]; [@ref67]; [@ref74]). Based on other findings from neuroimaging studies, the OFC appears to code stimulus-reward value ([@ref65]), including the relative values of different rewarding stimuli ([@ref86]; [@ref93]) and the values of offered and chosen goods ([@ref68]). Thus, the activation of the OFC may play roles in integrating reward values and learning the opponent's reputation to guide decisions. This area seems to be required for the establishment of cooperation and for the maintenance of cooperative behavior ([@ref21]; [@ref43]; [@ref97]).

In contrast to reciprocity, fairness was additionally distinguished by modulating activity in the left striatum and right OFC. Previous studies have shown that the left striatum is activated when participants win more than their counterpart ([@ref6]) and that it. Additionally, the left striatum encodes social ranking and positive social comparison ([@ref46]; [@ref92]) and shows a striking hemodynamic response correlated with income distribution depending on work effort ([@ref13]). Fairness also resulted in extra activation of the right OFC. The OFC and caudate are considered the major players in reward processing because they are the main projection areas of two distinct dopaminergic pathways: the mesocortical and mesolimbic pathways. Previous studies have attempted to differentiate the roles of these two structures in terms of reward stages, relating the striatum to reward anticipation and associating the medial OFC to the outcome of a reward ([@ref83]). In situations of fairness decision making, the OFC not only processes the absolute reward value ([@ref54]; [@ref66]) but also codes relative values of different rewarding stimuli ([@ref26]), including the valuation of equality in the outcomes between the players ([@ref2]), the value of offered goods ([@ref68]), the reduction of inequality ([@ref90]) and the assessment of equitable resource distribution ([@ref74]; [@ref87]). In light of these recent findings, the activations of the left caudate and right OFC might represent the specific encoding of subjective feelings about equitableness. Additionally, two meta-analytic contrast analyses between fairness and reciprocity were conducted, and the results were similar to the results of the topic-specific meta-analyses ([Supplementary Table S3](#sup1){ref-type="supplementary-material"}), supporting the inferred roles of the activation of these brain regions.

### Core brain networks of cooperation violation {#sec12}

A neural network including the IA, DACC, IPL and red nucleus, which are specific to human cooperation violation, was identified. The IA is related to a negative affective processing area and is involved in the neural instantiation of these processes. It frequently codes physical pain ([@ref20]), social pain ([@ref34]; [@ref45]), the extent of cooperation ([@ref75]) and the negative emotions aroused during noncooperation ([@ref75]; [@ref85]). In addition, activation of the IA was observed under all noncooperation conditions, including unfairness and betrayal, suggesting that when faced with a violation of cooperative behavior, people feel guilty and negative emotions will be elicited ([@ref53]). Although previous studies suggested that the IA was associated with negative emotions, recent neuroimaging studies indicated that IA may signal norm violations when results deviated from an expected outcome ([@ref17]). As cooperation is a default social norm and constitutes the core behavioral principle of human society, unfairness and betrayal reflect a violation of social norms. Thus, the activation of the IA under all noncooperation conditions might indicate the underlying process of detecting social norm deviations.

We also observed activation of the DACC in noncooperation and unfairness. Based on the involvement of the DACC in conflict processing ([@ref11]; [@ref71]), the activation of the DACC may reflect the conflict between self-interest and social norms when facing unfairness and noncooperative behaviors and the promotion of norm enforcement by sacrificing self-interest ([@ref73]). Moreover, the DACC is associated with tracking expectation violations, such as the social norm deviation ([@ref51]) and the detection of social prediction errors ([@ref14]). The DACC indicates a specific neural signal when people's behaviors break their expectations, which in turn may serve as an emotional indicator motivating people to avoid the violation of social norms ([@ref79]).

Activation of the IPL and red nucleus was found in noncooperation. A previous study suggests that the IPL plays a critical role in social interactions ([@ref48]) and exhibits greater activation during noncooperation than cooperation, which may be due to deeper mind-set synchronization to mentalize and predict an opponent's actions and intentions when they compete with others ([@ref21]; [@ref58]). Furthermore, the red nucleus is situated in the brain stem and is implicated in motoric coordination and movement control. Some studies have suggested that the red nucleus may play an important role in emotion processing ([@ref37]), such as subjective experience of affect, emotional salience detection ([@ref63]) and anticipatory pleasure ([@ref96]). The activation of the red nucleus may be linked to unpleasant feelings under noncooperation conditions.

The current meta-analysis identified a specific betrayal-related brain area in the thalamus. The thalamus plays an important role in regulating arousal and awareness levels ([@ref88]). In current reciprocal exchange, people may experience a higher level of awareness due to the fear of retaliation when they choose to betray another or may be vigilant to others' harmful behavior when they view others' betrayal. Alternatively, the thalamus is involved in risk assessment during economic exchange ([@ref61]) and in feedback processing for uncertain rewards ([@ref95]). Betrayal is a high-risk behavior that violates social reciprocity to maximize the self-benefit. We inferred that the activation of the thalamus observed in this study may reflect the assessment of this high-risk behavior.

Core brain networks of self- and other-cooperation and noncooperation {#sec13}
---------------------------------------------------------------------

The results of our meta-analysis showed different brain networks of self- and other-enforcement and violation of cooperation, which indicated that there might be distinct norms when people consider their own and others' behaviors. We identified involvement of the reward-related striatum in response to other-cooperation. Therefore, we postulated that the evaluation and expectation of others' behaviors might occur in strict accordance with cooperation norms, and the norm-abiding behavior of cooperation is encoded as a social reward ([@ref55]). The appreciation of other people's cooperative behaviors also promotes people to standardize their behavior in accordance with the cooperation norms. Interestingly, we did not observe any significant activation in regions associated with self-cooperation, which might be due to the consideration of multiple competing motivations, such as a balance of self-interest and social norms ([@ref17]), decision strategies ([@ref41]), a fear of being punished ([@ref15]; [@ref30]) and reputation concerns ([@ref64]), rather than simple and automatic reward-seeking behaviors when people decide to reciprocate in economic decision making processes. Decisions regarding a person's own reciprocal behaviors might be determined through the integration of multiple factors ([@ref64]; [@ref41]; [@ref17]). Another alternative explanation is that self-fairness and self-reciprocity may involve distinct neural networks. As the number of published reports of self-fairness and self-reciprocity is insufficient to conduct separate ALE analyses, the neural mechanisms of self-cooperation under different conditions remain to be clarified. Thus, the common and distinct neural mechanisms between the self-fairness and self-reciprocating conditions must be clarified in the future to verify this proposed explanation. Overall, based on the results from the present study, cooperative behavior is not necessarily driven by positive emotions, particularly during self-cooperation, which did not support the warm glow theory.

Moreover, we observed common activation of the IA in self- and other-noncooperation. This result suggested that the aversion aroused by noncooperation might be a kind of automatic response, as it occurred not only when people saw others' noncooperative behaviors but also when they made decisions to maximize their self-interest. Extra activation of the DACC and IPL during other-noncooperation was also revealed. As mentioned previously, the DACC might reflect social prediction errors as others' noncooperation behaviors violating their expectations as well as the conflict of self-interest and social norms. Since we did not find the activation of the DACC in self-noncooperation, we inferred that conflict is feeble when people make decisions by themselves, as self-interest with strong motivation. The IPL belongs to the mirror neuron system and plays a critical role in interpersonal interactions ([@ref48]; [@ref49]). The IPL is involved in the ability to identify with others, self-other distinction and perspective taking ([@ref56]; [@ref76]). When others do not cooperate, people must explain the noncooperative behavior of others from their own perspective ([@ref29]; [@ref60]).

Based on these findings, we postulated that people make cooperative decisions by themselves in social interactions through a complex process to balance multiple motivations but mainly to avoid the negative emotion aroused by the noncooperative behavior.

A summary of cooperation processing {#sec14}
-----------------------------------

Based on the identification of networks involved in processing cooperation/noncooperation, we summarized the cooperation model from the economic field. First, the IA may be a core brain area involved in human cooperative behaviors. Considering that activation of the IA was found in all noncooperation conditions, disgust with uncooperative behavior might be one of the most important motivations for self-motivated cooperative behavior and could represent a universal psychological mechanism of cooperative behavior. Second, the striatum and OFC might be the driving force promoting cooperative behavior. Although reward areas, such as the striatum and OFC, are activated when seeing others' cooperation, it is not necessary to activate these areas, especially under self-cooperation. Thus, the social approval of others' cooperation comes from the heart, which pushes human behavior to obey cooperation norms. In addition, the frontoparietal network may play an important role in evaluating and monitoring others' cooperative behaviors. People may not only feel aversion when facing others' noncooperation but also monitor deviation from the cooperation norm and evaluate these behaviors from the perspective of others. We also conducted meta-analytic contrast analyses between fairness and reciprocity, unfairness and betrayal, and self-noncooperation and other-noncooperation. The results ([Figure S2](#sup1){ref-type="supplementary-material"} and [Supplementary Tables S3](#sup1){ref-type="supplementary-material"}--[S5](#sup1){ref-type="supplementary-material"}) were similar to the results of the topic-specific meta-analyses, which supported the proposed brain networks underlying cooperation and our conclusions.

Caveats {#sec15}
-------

Several methodological caveats should be noted. First, the coordinate-based ALE method is based on reported peak activations, not on the effect size of activation at the peak. Future meta-analyses would benefit from an image-based approach employing statistical maps without a threshold to calculate activation likelihood ([@ref59]). Second, because a limited number of published reports were included in this meta-analysis (particularly in the meta-analytic contrast analyses between the perspectives of the self and others), the statistical power of the results could be increased in future meta-analyses by including the rapidly accumulating published neuroimaging studies investigating cooperation. Third, the potential functions of the brain regions involved in cooperation enforcement and violation were evaluated in the context of evidence from neuroscientific studies from previous decades, but the specific functions of many brain areas are still not fully understood. For example, although activations of the OFC and striatum in fairness and reciprocity, respectively, were identified in this meta-analysis, the specific dissociated reward function of the two areas in cooperation has scarcely been discussed in previous studies. As mentioned in the introduction, the combination of DG and UG tasks is mainly based on the observation that the decision-making behaviors of both the proposers and the respondents in these tasks reflect fairness enforcement and violation ([@ref38]; [@ref97]; [@ref94]; [@ref15]). Additionally, the combination likely enhances the reliability of the results by increasing the numbers of the published reports available for ALE analyses ([@ref22]; [@ref24]). Notably, proposers who make an unfair offer might utilize different cognitive and neural processes than responders who accept or reject offers. A further analysis of the underlying neural mechanism of fairness enforcement or the violation for proposers and responders, respectively, is needed to exclude the possibility that the proposers and responders have different positions in the economic distribution. Because we were unable to analyze the underlying neural mechanism in proposers due to the insufficient sample size, we excluded the published reports examining the proposers and reanalyzed the 17 remaining published reports to explore the brain networks of fairness enforcement and violation in the responders. The results consistently showed that fairness enforcement activated the striatum (caudate) and OFC, while the fairness violation activated the IA and DACC, supporting the current conclusion ([Supplementary Figure S1](#sup1){ref-type="supplementary-material"} and [Supplementary Tables S1](#sup1){ref-type="supplementary-material"} and [S2](#sup1){ref-type="supplementary-material"}). Finally, the meta-analysis of imaging results allowed us to test some hypotheses proposed in previous studies. Gender-specific activation of the neural reward system, including the striatum, was reported during decision-making processes in the DG ([@ref78]). When a sufficient number of studies specifically involving female or male participants are available, an informative assessment would be to test whether this gender difference in fairness behavior is supported by a meta-analysis of imaging results. Similarly, other interesting topics, such as gender difference, personality characteristics, development and others, would also be explored using a meta-analysis to improve our understanding of the neural mechanisms of cooperative behavior from multiple perspectives.

Conclusions {#sec16}
-----------

Our meta-analysis directly profits from the rich scientific legacy of theoretical and experimental disciplines to comprehensively capture the neural processes underlying cooperation. Based on our results, cooperation enforcement activated reward-related brain areas, such as the striatum and OFC, only during other-cooperation. In contrast, cooperation violation evoked the activation of a brain network related to aversive feelings and cognitive conflict between self-interest and social norms *both from the perspective of self and others*. Moreover, cooperation is likely mainly driven by avoiding the negative emotions aroused by noncooperation, rather than pursuing the positive emotions aroused by cooperation. Therefore, the results of the current meta-analysis were not consistent with the warm glow theory but support the inequity aversion theory, namely, inequity aversion is the main driver of cooperative behavior.
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